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We have found an experimental evidence for the existence of the Dirac nodal line in the quasipar-
ticle spectrum of the polar phase of superfluid 3He. The polar phase is stabilized by confinement of
3He between nm-sized cylinders. The temperature dependence of the gap, measured via frequency
shift in the NMR spectrum, follows expected ∝ T 3 dependence. The results support the Fomin
extension of the Anderson theorem to the polar phase with columnar defects: perfect columnar
non-magnetic defects do no perturb the magnitude of the gap in the polar phase. The existence of
the node line opens possibilities to study Bogoliubov Fermi surfaces and flat-band fermions in the
polar phase.
PACS numbers:
INTRODUCTION
The spin-triplet p-wave superfluid polar phase has
unique properties due its symmetry and its topology both
in real and in momentum space. The polar (or nematic)
phase has the Dirac nodal line in the energy spectrum
of Bogoliubov quasiparticle, which are protected by the
combined action of symmetry and topology, see Fig. 1a.
The broken symmetry in the polar phase gives rise to
the specific topological defects observed in this phase:
the analog of the cosmological Alice cosmic string (the
half quantum vortex)[1]. Also the analogs of the Kibble-
Lazarides-Shafi cosmic wall bounded by strings [2] have
been observed: they are formed after the phase transi-
tion from the polar phase to the other phases of superfluid
3He[3].
Another unique consequence of the symmetry of the
polar phase is related to disorder. The effect of disorder
on physics of the nodal semimetals and unconventional
superconductors is now under intensive study, see e.g.
[4–10]. In particular, impurities may change the power
law temperature dependence of physical quantities in the
nodal superconductors. The polar phase inspite of its
gaplessness demonstrates the robust behavior with re-
spect of disorder opening a new area of application of
the Anderson theorem [11]. According to Anderson the-
orem [12], for s-wave superconductors with non-magnetic
impurities the critical temperature Tc and the energy gap
are the same as in the clean limit. It was found by Fomin,
that if impurities in the polar phase have the form of
infinitely long non-magnetic strands, which are straight
and parallel to each other (see Fig. 2), the transition
temperature also coincides with that in the clean limit
[11]. The reason for that is that the polar phase repre-
sents the set of the independent 2D superconductors with
different pz. For the perfect columnar defects the scat-
tering between different pz states (different 2D bands)
is absent, and such impurities do not break the Cooper
pairs. For each pz the 2D superfluid is fully gapped, with
the isotropic gap ∆(pz). That is why such 2D superfluids
have the same properties as s-wave superconductors, and
the Anderson theorem is applicable.
Experiments with the polar phase in the nanostruc-
tured material (nafen) with its parallel strands clearly
demonstrate that the transition temperature to polar
phase is only very little suppressed by the columnar dis-
order as compared to any other superfluid phase in nafen
[13, 14]. In the sample on nafen-243 only the polar phase
has been indentified so far, see Fig. 1b. In less dense nafen
the chiral Weyl superfluid (polar-distrorted A phase) and
the state of the DIII topological class [15, 16] (polar-
distrorted B phase) are observed only at lower tempera-
tures.
Small suppression of Tc in the polar phase suggests
that also the gap in the quasiparticle spectrum is not
perturbed by the columnar disorder. Here we study the
temperature dependence of the gap of the polar phase
in nafen using NMR frequency shift. We observe the T 3
behavior at low temperature, which is the signature of
the Dirac nodal line. The prefactor of the T 3 term is in a
good agreement with the estimation, which follows from
the BCS theory in a weak coupling approximation. This
supports the Fomin idea of the application of Anderson
theorem to the topological polar phase.
DIRAC NODAL LINE AND THE GAP
FUNCTION
In the polar phase, the gap function ∆(T, µ) =
∆(T ) cosµ, where ∆(T ) is the maximum gap along the
confining strands and µ is the polar angle counted from
the strand direction. The gap has a node at µ = pi/2,
which gives rise to the Dirac nodal line in the spectrum
of Bogoliubov quasiparticles on the equator of the Fermi
surface. This nodal line is topological since the Berry
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FIG. 1: Polar phase of superfluid 3He. (a) Topology- and
symmetry-protected Dirac nodal line in the spectrum of Bo-
goliubov quasiparticles in the polar phase. For each of two
spin projections of fermions the Dirac line has pi winding of
the Berry phase. (b) The phase diagram of superlfuid 3He
confined in nafen-243 is occupied by the polar phase, while
the suppression of Tc compared to the transition Tc,bulk in
bulk (not confined) 3He is relatively small. The data points
are from [13]. At the pressure used in the present work,
P = 29.5 bar, we have found that the polar phase persists
to the lowest reached temperature, about 0.2Tc.
phase changes by pi around the element of the line, see
Fig. 1 top. Due to the line node the density of states
in the polar phase N(ω) ∝ ω, which results in the cu-
bic dependence of the free energy F (T ) − F (0) ∝ T 3 at
low temperature T  Tc. Such cubic dependence is also
extended to the gap amplitude:
1− ∆(T )
∆(0)
= a
T 3
T 3c
, T  Tc , (1)
where the dimensionless parameter a = 0.57 in the BCS
weak coupling approximation, see Supplementary mate-
rial. In case of the Weyl superfluids, the Weyl nodes in
the spectrum provide the (T/Tc)
4 dependence for the gap
amplitude.
EXPERIMENT: T 3 AND ANDERSON-FOMIN
THEOREM
We measured the NMR frequency shift in the polar
phase of 3He. The helium is confined within nafen-243
material. To avoid formation of paramagnetic solid 3He
layer, which breaks the requirements on non-magnetic
specular scattering, all surfaces are preplated by 2.5
monolayers of 4He [14]. Generally, in superfluid 3He the
spin-orbit interaction causes shift of the NMR precession
dD
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FIG. 2: Nanostructured confinement used to engineer the po-
lar phase. (a) Model of the perfect columnar confinement –
a system of randomly distributed columnar defects, oriented
along the axis z and providing specular quasiparticle scat-
tering, which conserves the z-component of the momentum
pz. For such model the Anderson theorem is applicable to
the particular spin-triplet p-wave superfluid – the polar phase
[11]. (b) A microphotograph of the nafen material. In the
present work the nafen-243 with 〈d〉 ≈ 9 nm and 〈D〉 ≈ 35 nm
is used. Unlike the perfect model on pane (a), the real ma-
terial has orientational disorder of the Al2O3 strands. The
imperfections of the nafen strands somewhat violate the An-
derson theorem for the polar phase which results in the small
suppression of Tc in the phase diagram in Fig. 1.
from the Larmor value ωL = |γ|H, where γ is the gyro-
magnetic ratio of 3He. In the magnetic field H = 11 mT
oriented along the strands, the shift of the observed sig-
nal from the Larmor value is:
ω(T )− ωL = Ω
2
P (T )
2ωL
, (2)
where ΩP (T ) is the Leggett frequency in the polar phase.
The temperature dependence of the Leggett frequency
follows that of the gap, ΩP (T ) ∝ ∆(T ). According to
Eq.(1), in the clean limit the temperature dependence of
the relative frequency shift has the cubic form at low T :
ω(0)− ω(T )
ω(0)− ωL = 1−
∆2(T )
∆2(0)
= 2a
T 3
T 2c
, T  Tc , (3)
with parameter a = 0.57 in the weak-coupling limit, see
the Supplementary material.
Our measurements in the polar phase, Fig. 3, reveal the
cubic temperature dependence at T < 0.4Tc. Moreover,
the experimental value of the parameter a in this cubic
dependence is a = 0.38, which is comparable with the
theoretical value a = 0.57 obtained in the clean limit in
the weak coupling approximation. Since a ∝ (Tc/∆(0))3,
this means that in the polar phase in our experiments
∆(0)/Tc is about 15% larger than in the theory. The
increase of this ratio is, in fact, expected due to the strong
coupling effects, as is known for 3He-B [17–19].
CONSEQUENCES OF THE NODE LINE
The node line leads to a characteristic effect of the su-
perflow in the polar phase. Since in the gapless superflu-
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FIG. 3: NMR measurements of the temperature dependence of the gap in the polar phase. (a) NMR spectrum of 3He in
the polar phase demonstrates the frequency shift from the Larmor value ωL. From the temperature dependence of the shift,
the temperature dependence of the gap ∆(T ) can be extracted. (b) Temperature dependence of the frequency shift in the
polar phase at the lowest temperatures. The temperature of the sample is determined from the temperature of the nuclear
demagnetization cooling stage, which is in turn controlled by the current in the demagnetization solenoid. The correction for
the thermal boundary resistance is applied. (c) Frequency shift, normalized to the frequency shift at T = 0, determined by
extrapolation of data in panel (b). The cubic law agrees with the BCS theory in the clean limit in Eq.(3). The prefactor
a = 0.38 is comparable with the theoretical value obtained in the weak coupling approximation.
ids the Landau critical velocity of flow is zero, the super-
flow leads to the negative energy states of quasiparticles,
which fill the formed quasiparticle Fermi surface [20],
Fig. 4a. The Fermi surface of the Bogoliubov quasiparti-
cles emerging in the superfluid/superconducting systems
is called the Bogoloiubov Fermi surface [21]. The forma-
tion of the Fermi surface reduces the superfluid density,
ρs(T = 0, vs) < ρ, and also suppresses the gap amplitude.
According to Muzikar and Rainer [22] (see also [23]), for
the polar phase the suppression of the gap at T = 0 has
also the cubic law at low superfluid velocity:
1− ∆(0, vs)
∆(0, 0)
=
v3s
3c3
, vs  c , (4)
where vs is superfluid velocity in the plane of the nodal
line, and c is the characteristic ”speed of light”, c =
∆(0, 0)/pF . We may expect that due to the Fomin-
Anderson theorem, the equation (4) can be applied to
the polar phase in nafen.
Another striking consequence of the node line is the
presence of the topological flat band at the surface, nor-
mal to the direction of the confining strands, Fig. 4b.
CONCLUSION
Using NMR experiments in the polar phase of super-
fluid 3He confined between parallel columnar strands in
the nafen material, we have measured the temperature
dependence of the gap in the quasiparticle spectrum. We
have found the cubic dependence of the gap in agreement
with the theoretical estimation made for the bulk polar
phase without impurities. This provides the first experi-
mental evidence for the existence of the node line in the
polar phase. This result also demonstartes that in the
polar phase, the impurities in the form of the columnar
defects do not destroy the power law in the temperature
dependence of the gap and thus do not affect the angular
dependence of the gap on the direction in the momentum
space. Additionally, the amplitude of the gap is close to
that calculated in the BCS theory in the clean limit. All
that supports the Fomin extension of the Anderson the-
orem to the polar phase with columnar defects [11].
The theorem works only for non-magnetic scattering
from impurities. This is achieved in our experiments by
preplating the nafen strands with 4He layer. Without
4He coverage or at low coverages the phase diagram of
supefluid states in nafen changes drastically [14], which
demonstrates the well known violation of Anderson theo-
rem by magnetic impurities. Theoretically the deviations
from the Anderson theorem have been considered using
the model of aerogel with the uniaxial anisotropy[26].
The extension of Anderson theorem has also been con-
sidered for unconventional and multi-band superconduc-
tors. Although the superconducting model systems dis-
cussed in Refs. [27, 28] differ significantly from the po-
lar phase with columnar defects, the mechanism of the
robustness towards the disorder is the same: impurity
scattering between different bands should be properly
suppressed.
In conclusion, observation of the node line in the polar
phase opens the road to future experiments on the pro-
tection of superconductivity againts disorder, on Bogoli-
ubov Fermi surfaces, on fermionic topological flat bands,
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FIG. 4: Consequences of the node line in the polar phase.
(a) Illustration of the Bogoliubov Fermi surface in polar phase
in the presence of superflow vs. Under superflow the Dirac
nodal line transforms to two Fermi pockets, which touch each
other at two points (pseudo-Weyl points). This Fermi surface
leads to the cubic suppression of the gap amplitude in Eq.(4).
(b) Owing to the surface-bulk correspondence in topological
matter with Dirac lines [24, 25], the fermionic flat band ap-
pears on the surface normal to the direction of the confining
strands.
and on the effective metric which allows transition to an-
tispacetime [29].
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SUPPLEMENTARY MATERIAL
T 3 dependence of the superfluid gap in the
nodal-line polar phase
The gap equation for the polar phase:
1
g
=
∫ 1
0
dxx2
∫ Euv
0
dξ√
ξ2 + ∆2(T )x2
−
−2
∫ 1
0
dxx2
∫ ∞
0
dξ√
ξ2 + ∆2(T )x2
1
exp
(√
ξ2+∆2(T )x2
T
)
+ 1
(5)
Here g is the normalized coupling, which is not important
for us, since it drops out from further equations; ∆(T )
is the gap amplitude; x = cosµ shows the dependence of
the gap function on the polar angle µ; Euv is the ultra-
violet cut-off of the logarithmically divergent intergrals,
which also drops out from the further equations, where
the logarithmic terms cancel each other; the x2 = cos2 µ
in the integral over x comes from the cosµ-dependence
of the p-wave interaction potential Vk,k′ ∝ kzk′z and the
gap in the polar phase. We have from Eq.(5):∫ 1
0
dxx2
∫ ∞
0
dξ
(
1√
ξ2 + ∆2(0)x2
− 1√
ξ2 + ∆2(T )x2
)
= (6)
= −2
∫ 1
0
dxx2
∫ ∞
0
dξ√
ξ2 + ∆2(T )x2
1
exp
(√
ξ2+∆2(T )x2
T
)
+ 1
(7)
where in Eq.(6) the cut-off dropped out because of can-
cellation of logarithmic terms. At low T this Eq.(6) is
proportional to ∆2(T ) −∆2(0), while in the Eq.(7) one
can take the T = 0 limit:∫ 1
0
dxx2
∫ ∞
0
dξ
(
1√
ξ2 + ∆2(T )x2
− 1√
ξ2 + ∆2(0)x2
)
= (8)
= 2
∫ 1
0
dxx2
∫ ∞
0
dξ√
ξ2 + ∆2(0)x2
1
exp
(√
ξ2+∆2(0)x2
T
)
+ 1
(9)
Expansion in ∆2(0)−∆2(T ) gives
1
2
(∆2(0)−∆2(T ))
∫ 1
0
dxx4
∫ ∞
0
dξ(ξ2 + ∆2(0)x2)−3/2 =(10)
= 2
∫ 1
0
dxx2
∫ ∞
0
dξ√
ξ2 + ∆2(0)x2
1
exp
(√
ξ2+∆2(0)x2
T
)
+ 1
(11)
or
1
2
(
1− ∆
2(T )
∆2(0)
)∫ 1
0
dxx4
∫ ∞
0
dξ(ξ2 + x2)−3/2 =(12)
= 2
∫ ∞
0
dxx2
∫ ∞
0
dξ√
ξ2 + x2
1
exp
(
∆(0)
T
√
ξ2 + x2
)
+ 1
(13)
6In Eq.(13) the integration over x has been extended to
∞, because in this equation x2+ξ2 ∼ T 2/∆(0)2  1. In-
troducing cylindrical coordinates x = r cosφ, ξ = r sinφ
in Eq.(13), one obtains:
1
6
(
1− ∆
2(T )
∆2(0)
)∫ ∞
0
dξ(ξ2 + 1)−3/2 = (14)
=
pi
2
∫ ∞
0
r2dr
1
exp
(
r∆(0)T
)
+ 1
(15)
=
pi
2
T 3
∆3(0)
∫ ∞
0
r2dr
er + 1
(16)
The integrals in Eq.(14) and in Eq.(16) are:∫ ∞
0
dξ(ξ2 + 1)−3/2 = 1 , (17)∫ ∞
0
r2dr
er + 1
=
3
2
ζ(3) , (18)
and we obtain the universal temperature dependence of
the gap at low T
2
(
1− ∆(T )
∆(0)
)
=
(
1− ∆
2(T )
∆2(0)
)
=
9pi
2
ζ(3)
T 3
∆3(0)
, (19)
or
1− ∆(T )
∆(0)
=
9pi
4
ζ(3)
T 3
∆3(0)
≈ 8.5 T
3
∆3(0)
. (20)
Using the result ∆(0) = 2.46Tc from the next section
we find
1− ∆(T )
∆(0)
= a
T 3
Tc
, (21)
with a = 0.57.
This is obtained for the pure polar phase without im-
purities. However, following the Fomin extension of the
Anderson theorem [11], one may expect that Eq.(21) can
be applied to the polar phase with the columnar non-
magnetic defects.
The gap amplitide at T = 0 vs Tc
1
g
=
∫ 1
0
dxx2∫ Euv
0
dξ√
ξ2 + ∆2(T )x2
tanh
(√
ξ2 + ∆2(T )x2
2T
)
= (22)
=
∫ 1
0
dxx2
∫ Euv
0
dξ
ξ
tanh
ξ
2Tc
= (23)
=
∫ 1
0
dxx2
∫ Euv
0
dξ√
ξ2 + ∆2(0)x2
(24)
0 =
∫ 1
0
dxx2
∫ ∞
0
dξ
(
1
ξ
tanh
ξ
2Tc
− 1√
ξ2 + ∆2(0)x2
)
(25)
=
∫ 1
0
dxx2
∫ ∞
0
dξ
(
1
ξ
tanh
ξ∆0
2Tc
− 1√
ξ2 + x2
)
(26)
Introducing the parameter α = ∆(0)/2Tc one finds the
value of α at which the function f(α)
f(α) =
∫ 1
0
dxx2
∫ ∞
0
dξ
(
tanhαξ
ξ
− 1√
ξ2 + x2
)
(27)
crosses zero. Solving the equation, we find α = 1.23.
